Introduction
[2] Both heterogeneity and anisotropy of the hydraulic conductivity are well-known concepts in hydrogeology. In contrast to the abundance of groundwater literature on flow through heterogeneous but isotropic conductivity fields, anisotropy has received little attention. However, from a sedimentological point of view, anisotropic properties with spatial variations are more likely to occur than are isotropic conductivities. Until recently none of the available analytical solutions takes into account effects arising from a nonuniform anisotropic conductivity field.
[3] Bakker and Hemker [2002] presented solutions for steady state groundwater flow in layered, anisotropic aquifers consisting of a number of horizontal, homogeneous layers, each with its own anisotropic transmissivity. They neglected the resistance to flow in the vertical direction over the entire aquifer thickness (Dupuit approximation) and presented analytical solutions for both uniform flow and flow to a well. Meesters et al. [2004] developed an approximate solution for flow to a well in a layered aquifer system with different anisotropic transmissivities, on the condition that principal directions of anisotropy are the same in all layers. The solution is based on a first-order perturbation technique and is only applicable in case of relatively weak anisotropy. Analytical solutions were also derived for flow through a layered anisotropic aquifer that is bounded on the left, right, top, and bottom sides by impermeable boundaries . At first, a multilayer approximation was used, where the vertical flow between two adjacent horizontal layers is controlled by a hydraulic resistance at the interface between the two layers. Second, an exact three-dimensional solution was obtained by placing certain restrictions on the variation of the hydraulic conductivity tensor.
[4] Streamlines in layered anisotropic aquifers may exhibit significant vertical variations, as was first shown by numerical experiments . All streamlines were straight when the horizontal hydraulic conductivity was isotropic in all layers, but when the conductivity was anisotropic in one or more layers, streamlines had the shape of spirals. Bundles of these spiraling streamlines rotating in the same direction were termed ''groundwater whirls.'' Groundwater whirls are a threedimensional flow phenomenon and a direct consequence of the difference in horizontal anisotropy between adjacent aquifer layers. Figure 1 shows a three-dimensional graph of a spiraling streamline, which is part of a counterclockwise rotating groundwater whirl. Analytical solutions [Bakker and Hemker, 2002, 2004] were used to compute threedimensional streamlines, which confirmed the occurrence of groundwater whirls in layered anisotropic aquifers with homogeneous layers.
[5] The objective of this paper is to present new analytical solutions for groundwater flow in a box-shaped anisotropic aquifer with heterogeneous layers. The aquifer consists of a number of horizontal layers, and its width is subdivided into a number of strips. In this way the aquifer is composed of many homogeneous block-shaped cells that extend over the entire length of the aquifer (Figure 2 ). An analytical model may contain several hundreds or thousands of such cells with different anisotropic transmissivities. The general flow direction is horizontal, but not necessarily in the length direction of the cells. In a simple setting the aquifer consists of only one or two anisotropic cells in an otherwise isotropic confined aquifer, identical to some of the numerical models presented by . In such cases a limited number of whirls may be identified. In a more general situation the vertically and laterally discontinuous anisotropy of the aquifer results in irregular patterns of clockwise and counterclockwise groundwater whirls.
[6] The practical consequence of groundwater whirls is that water is exchanged between aquifer layers, even when the general direction of flow is parallel to the layered structure of the aquifer. The modeled whirls are typically of the same scale as the layer thickness, but larger whirls that go from the top to the bottom of the aquifer occur as well. Therefore we may assume that the complex architecture of many real aquifers gives rise to equally complex whirl systems. The resulting flow patterns may be considered as superposed whirls of many different scales. This may have an impact on contaminant spreading that cannot be simulated when anisotropy is neglected.
[7] In this paper, analytic solutions are derived for a boxshaped aquifer consisting of an arbitrary number of layers and strips (Figure 2 ). In section 2, the governing differential equation is presented. The solution for a single-strip multilayer aquifer is derived in section 3 using the eigenvalue method and matrix calculus. This solution is used in section 4 to obtain solutions for a composite system with an arbitrary number of strips and layers. In section 5, results of the analytic solution are compared with some of the numerical solutions presented by . A more complicated example of nine layers and 10 strips with varying anisotropy directions is presented in section 6.
Mathematical Model
[8] Consider steady state flow in a semiconfined aquifer with an impermeable base. The box-shaped aquifer is of constant width, thickness, and length. The aquifer consists of two or more layers of constant thickness, numbered 1 through m from top to bottom. The width of the aquifer is subdivided into a number of parallel strips, numbered 1 through n from left to right (Figure 2 ). In this way any x,z cross section shows the same m by n cells, while each cell extends over the entire length L of the aquifer. Each cell has its own homogeneous but anisotropic transmissivity; the major and minor principal values are called T 1 and T 2 , respectively. The horizontal major principal direction makes an angle a with the positive x axis (Figure 2 ).
[9] At first, the sides of the aquifer are treated as impermeable, but other boundary conditions will be considered as well, such as given head or constant flux conditions. It is also possible that one or both of the outer strips are of infinite width. Groundwater flow in the aquifer is caused by a constant hydraulic head gradient normal to the front and back of the box-shaped aquifer; this gradient is equal to Às in all cells:
[10] The top of the layered aquifer is formed by a resistance layer with a finite resistance. The head above this leaky layer is fixed to h 0 (y), defined as
where h f is the fixed head on top of the aquifer at the front (y = 0); h f may differ between strips, but such cases are not considered here. The subscript 0 is used to indicate the position above the leaky layer. The basic equations in this section are given for a single aquifer strip only in order to reduce the number of indices.
[11] Because the gradient of the head in the y-direction is constant throughout the domain, the solution may be written as where f is the head normalized by h f À sy. Note that (3) fulfills boundary condition (1) for any f(x,z) and for any length L of the box-shaped aquifer.
[12] The problem may be solved for an arbitrary number of layers when the resistance to flow in the vertical direction is neglected within each individual layer (multilayer approximation). It means that the hydraulic head h(x,y,z) does not vary vertically within a layer and is replaced in layer i by the variable h i (x,y). The multilayer approximation gives accurate results as compared to a fully threedimensional approach . The normalized head f in layer i is called f i (x) and is defined as
Using (4), a normalized head can also be defined for the given head on top of the aquifer, which is not a function of x and thus f 0 = 0.
[13] Application of Darcy's law gives the following equations for the components of the vertically integrated horizontal flow vectorq in layer i:
where the components T xx,i , T yy,i , and T xy,i of the transmissivity tensor of layer i may be obtained from the principal values and direction with a standard transformation [e.g., Bear, 1972] . The vertical component of the specific discharge vector v z,i between layers i and iÀ1 is computed with a standard finite difference scheme:
where c i is the hydraulic resistance between the centers of layers i and iÀ1
where H i is the thickness of layer i, K z is the hydraulic conductivity in the vertical direction, and c top is the hydraulic resistance of the leaky layer at the top of the aquifer. Continuity of flow for layer i may now be written as
It is noted from (4) and (5) that q y is not a function of y, such that combination of (5), (6), and (9) gives the following differential equation for layer i:
For layer i = 1, it is used that f 0 = 0. For the lowermost layer, it is used that v z,m+1 equals 0, since the aquifer base is impermeable, which is equivalent to setting c m+1 = 1.
[14] For an aquifer strip with m cells, flow is governed by a system of m coupled differential equations (10). In a composite aquifer of n parallel strips, there will be n such systems of coupled differential equations. The boundary conditions for the strips are found from the continuity conditions along the vertical interfaces between adjacent strips, which requires that the heads h i and the horizontal flow vectors q x,i must be continuous between strips.
Single-Strip Multilayer Solution
[15] A multilayer solution is derived for a single strip and an arbitrary number of m layers with specified heads on both sides. Flow in the multilayer strip is governed by the m coupled differential equations (10). The strip has a width d and the sides of the strip are both head-specified. The normalized heads f i at the left boundary are specified as f L,i , and at the right boundary are specified as f R,i :
The set of m coupled differential equations (10) and 2m boundary conditions (11) may be solved using the eigenvalue method presented by Hemker [1984] and applied by, for example, Bruggeman [1999] and Bakker and Strack [2003] . The system of differential equations (10) is expressed in matrix notation
where the component i of column vectorf(x) is the normalized head f i (x) in layer i.
[16] The matrix A is a tridiagonal m Â m matrix, called the system matrix, with diagonal components defined as (refer to (10))
and off-diagonal components
and c m+1 = 1. The boundary conditions may also be written in vector notatioñ
where components i of column vectorsf L andf R are f L,i and f R,i , respectively. The general solution to (12) is well known [Hemker, 1984; Bruggeman, 1999] and may be written as
where V is called the eigenmatrix of A and is composed of the m eigenvectors of A as its columns and w i is eigenvalue i of A corresponding to the eigenvector in column i of V. A pair of brackets is used here to define an m Â m diagonal matrix with the given function for i = 1, 2, . . ., m along the diagonal. The column vectorsã andb contain constants that will be determined from the boundary conditions at x = 0 and x = d.
[17] Differentiation of (16) gives
For brevity of notation the following m Â m diagonal matrices are defined:
, and I = [1] is the identity matrix, such that (16) and (17) becomẽ
Application of the boundary conditions (15) to the general solution (18) givesf
from which the column vectorsã andb may be determined asã
Substitution of (21) forã andb into (18) and combining diagonal matrices gives
which may also be written as
Solution (22) is used in the next section to find the heads in each strip of a composite aquifer.
Composite-Aquifer Multilayer Solutions
[18] The analytical solution presented in the previous section is applicable to a single strip of two or more layers. This means that the homogeneous layers all have the same width and are located directly above each other. Such simple cases are useful to demonstrate the basic conditions under which whirls are generated, and to investigate their characteristics . However, a more realistic representation of flow also requires a lateral variation of anisotropic conductivity. In order to obtain an analytical model that also includes lateral heterogeneity, consider a box-shaped aquifer composed of a number (n) of parallel strips as described in section 2. The number of layers (m) and their various thicknesses are chosen the same for each strip (Figure 2 ). In a cross section the interfaces between all cells appear as two orthogonal sets of lines that extend over the entire width and height of the section, similar to many finite difference model grids. In this way a wide range of whirl problems can be explored. For example, the whirl problems solved numerically by can be handled this way and only require three strips.
[19] There are several ways to solve the composite aquifer. The approach used in this section is based on a local x coordinate system for each strip, and the system of equations is set up for the unknown heads at the interfaces between the strips. When implemented on computers with limited precision, this solution technique produced accurate results in all test models, even for extreme contrasts in hydraulic properties. The general solution (18) applies for each strip, where 0 x d and d is the width of the considered strip. Using (21), the column vectorsã andb may be written in terms of the (now unknown) column vectors of normalized headsf L andf R at the left side (x = 0) and the right side (x = d) of the considered strip, respectively. Equation (22) represents the normalized headf in terms off L andf R . Similarly, the discharge vector may be expressed in terms off L andf R . Substitution of (19) for the derivative off into (5) gives
whereq andt are column vectors of which components i are q x,i and T xy,i , respectively, and T = [T xx,i ]. Substitution of (21) forã andb into (24) gives
Setting x = 0 givesq at the left side (q L ). Similarly, setting
where
The heads at the vertical interfaces between the strips will be determined from the boundary conditions thatq R of strip j must equalq L of the neighboring strip j + 1 to its right, while the heads at the interface must be the same at each side of the interface.
Solution for Specified-Flux Sides
[20] With n strips there are nÀ1 vertical interfaces between the strips and n + 1 vectors of unknown heads (f 1 , . . .,f n+1 ), wheref i is the vector of normalized heads on the left side of strip i;f n+1 is the vector of heads on the right of strip n. Continuity of flow for the n À 1 interfaces requiresq
while the left-and right-side boundary conditions of the aquifer areq
whereq LEFT andq RIGHT are the given left-inflow and rightoutflow vectors, which are both zero vectors in case of impermeable sides. Substitution of (26) into (28) and (29) gives n + 1 sets of m equations for the unknown normalized heads at the boundaries of the strips, leading to the following global system of linear equations:
The tridiagonal block matrix consists of the submatrices F j and G j , which all have the same size of m Â m. F j and G j are computed with (27) where index j indicates that all values of the submatrix are computed with aquifer properties of strip j. The head-independent parts of equations (28) and (29) are collected at the right-hand side of (30), wherẽ t j is computed with the properties of strip j as defined by (24).
[21] Similar to numerical methods, (30) allows for the computation of the heads at a selected number of locations, based on a global system matrix with information on the sizes and hydraulic properties of the cells. In contrast with numerical methods, the solution presented here is analytical inside each cell. The right-hand-side vector results from the difference in horizontal anisotropy between adjacent strips, and from the specified-flux boundary conditions. This vector is responsible for the formation of the whirls, in the sense that whirls will only occur in case one or more components are nonzero. The system of linear equations (30) may be solved with a standard method (e.g., LU decomposition of the block matrix). Once the solution to the system of equations (30) is obtained, the resulting heads at the strip interfaces are substituted into (22) to obtain the heads at any position inside each strip. Similarly, substitution into (25) gives the lateral flow components at any position inside each strip.
Solution for Specified-Head Sides
[22] Next, consider the case where normalized heads are specified at the left (f LEFT ) and right (f RIGHT ) sides of the aquifer:f
With n strips there are n -1 interfaces between the strips and only n -1 vectors of unknown heads, since the heads at the aquifer boundaries are specified. Continuity of flow at the n -1 interfaces requires equations (28). Substitution of (26) into (28) and applying (31) gives n -1 sets of m equations for the n -1 vectors of m unknown heads:
. .
Once (32) is solved to obtain the heads at the boundaries between the strips, (22) and (25) may be applied to compute the heads and lateral flow components at any position inside each strip.
Solution for Composite Aquifers of Infinite Width
[23] If the first or last strip extends to infinity, then the width d of that strip becomes infinitely large and the equations for the corresponding strip simplify. For example, if strip m extends to infinity, equation (25) reduces to
Groundwater Whirls Through an Anisotropic Block
[24] In this section we discuss a simple example with an anisotropic block to explain some basic characteristics of whirling flow systems, and to compare our analytic solution to the finite element solution of . A two-layer anisotropic block is located at the center of an [25] Each layer was subdivided into five sublayers in order to reduce the effects of vertical discretization. In this way the model was constructed with 20 sublayers of 1 m thick each. The hydraulic conductivity of the isotropic outer area is 1 m/d. Within the anisotropic block the major principal value of the horizontal hydraulic conductivity tensor K 1 is 1 m/d, and the minor principal value K 2 is 0.1 m/d, so that the horizontal anisotropy ratio K 1 /K 2 is 10. The major principal direction of the horizontal hydraulic conductivity a is 135°in the upper layer (light grey) and 45°in the lower layer (dark grey), so the major principal directions in the two anisotropic cells are perpendicular to each other. The vertical hydraulic conductivity K z in both the isotropic and the anisotropic parts is 1 m/d, which is represented by a hydraulic resistance of 1 day between all sublayers (refer to (7)). Flow in the aquifer is fully confined. In the analytical model this condition is approximated by taking an extremely high hydraulic resistance of the leaky layer at the top of the aquifer (10 12 days). The left and right sides of the aquifer are no-flow boundaries. The constant gradient of the head in the y-direction is À0.005.
[26] The analytical solution for the normalized head f is given by (30) and (22); the variation of the normalized head f in the middle of each layer (i.e., in sublayers 3, 8, 13, and 18) is plotted versus x in Figure 4 . Note that the normalized head is identical in every cross section. The rotational symmetry (of order 2) of this graph is a result of the simple setup of the model, characterized by the rotationally symmetric distribution of anisotropic conductivities in a cross section. The minimum and maximum heads coincide with the left and right sides of the anisotropic block. The maximum difference in head between layers 2 and 3 is 0.0066 m. The direction of the vertical flow follows from the head difference between adjacent layers: Flow is downward in the left part of the aquifer, and upward in the right part. The transition occurs in the central part. The lateral component of flow v x is obtained from (25) through division by the sublayer thickness, and is plotted for the middle of each layer in Figure 5 . Contrary to the heads, this flow component shows a smooth transition from one strip to another. The maximum flow component is 0.0021 m/d in the middle of layers 2 and 3, and is only slightly higher (0.00222 m/d) in the sublayers in between (not presented in Figure 5 ).
[27] Streamlines are computed from the three-dimensional velocity field using a standard numerical method. Horizontal flow components in the sublayers follow from the analytical solution (25), while the vertical component of flow is obtained by linear interpolation between the vertical flow components at the upper and lower sublayer boundaries [Strack, 1984] . Two spiral-shaped streamlines are shown in a three-dimensional view of a 100-m-long section of the aquifer (Figure 6 ). The streamlines were started at 2 m above and 3 m below the centerline of the anisotropic block and both rotate counterclockwise. The streamline that started closer to the centerline represents a spiral with a smaller diameter, and makes more revolutions than the streamline that is started farther from the centerline.
[28] A more complete view of the flow pattern is obtained by a projection of streamlines on a vertical profile perpendicular to the general flow direction (Figure 7 ). Just as in Figure 4 of , streamlines were started at 7-m intervals in all 20 sublayers, and have a length of 100 m in the y-direction. Note that without the variation of anisotropic conductivities, all streamlines would be straight and the projections of the streamlines would appear as dots. Only streamlines that make at least one full revolution within the considered length of the box-shaped aquifer are displayed as closed curves. As a result of the layered anisotropy one counterclockwise whirl is located around the centerline of the block. Two smaller clockwise whirls occur near the top and near the bottom of the anisotropic block and have their axes along the centerlines of the top and bottom boundaries of the anisotropic block. The axes of the whirls appear at levels where a change of anisotropy occurs with depth, including a transition from isotropic to anisotropic conditions. Going from the anisotropic block to the sides of the aquifer, the lengths of the projected streamlines decrease, which indicates the diminishing effect of the whirls on the flow pattern. The projected streamlines computed with the analytical solution ( Figure 7) show a good agreement with the corresponding numerical results [Hemker et al., 2004, Figure 4 ] with only slight differences in the lengths of some lines.
[29] Because flow in the x,z plane is divergence free, a stream function can be defined for the flow components in this plane . The stream function is obtained through vertical integration of the x-component of the specific discharge vector. For the multilayer solution this is a straightforward procedure as the horizontal specific discharge vector does not vary in the vertical direction within a sublayer. The stream function is normalized to equal zero at the boundary. Contour lines of the stream function, i.e., projections of three-dimensional streamlines on the x,z plane, are plotted in Figure 8 . The difference in the values of the stream function between two streamlines equals the flow in the x,z plane between these two lines. Streamlines with a zero value in Figure 8 
Whirl Systems in a Layered Aquifer With Spatially Varying Principal Directions
[30] The analytical solutions presented in section 4 allow for any number of layers and for any number of strips. The effect of laterally varying anisotropy on the properties of groundwater whirls is investigated by varying the anisotropy direction while keeping the major and minor principal values of the conductivity tensor fixed. In this section results are presented from a test model previously used to compare results with finite element models and to analyze complex whirl patterns [Hemker and Bakker, 2006] . An 18-m-thick confined aquifer consists of nine equally thick layers. The horizontal hydraulic conductivity is heterogeneous in a 100-m-wide section of the model; each layer in this section is divided in 10 strips of equal width. A cross section perpendicular to these strips shows a regular pattern of 9-by-10 cells, where each cell is 10 m wide and 2 m high ( Figure 9 ). On each side of this central zone a 100-m-wide homogeneous block serves to reduce boundary effects. The east and west sides are no-flow boundaries, while the south and north sides are open boundaries with a fixed head gradient.
[31] The major and minor principal values of the horizontal hydraulic conductivity tensor are 10 m/d and 5 m/d in all cells. The vertical hydraulic conductivity is 1 m/d in the entire model. Because of the specified boundary conditions, the general flow direction is in the direction of the strips (straight north). The major principal direction of the horizontal hydraulic conductivity tensor is also chosen straight north in the two large side blocks. The spatial distribution of anisotropy directions in the 90 cells of the central zone is based on 10 uniformly distributed directions between N45°E (northeast) and N135°E (northwest) assigned to each layer in a random order (Table 1) .
[32] The hydraulic head in all layers as computed with (30) and (22) is shown in Figure 10 , while the resulting east component of the specific discharge vector is given in Figure 11 . These figures are the equivalent of [33] Dashed and dotted lines indicate the boundaries of whirls rotating in opposite directions. Some of the dashed lines run from the top to the base of the aquifer and span up to 10 strips horizontally. These lines separate the larger clockwise and counterclockwise whirl systems. Each of these whirl systems is composed of many smaller whirls rotating in the same direction. Such patterns of ''whirls within whirls'' are a common phenomenon in most models. In some cases, the whirl systems also contain smaller whirls rotating in the opposite direction. Six of such enclosed whirls are found in the present model (dotted lines); one of them is shown in more detail in Figure 13 . Arrows are added to Figure 13 to aid in the interpretation of the direction of the flow field.
Discussion and Conclusions
[34] In the previous sections, two examples were given of whirling flow systems obtained with the new analytical solution. The examples were selected to facilitate comparison of the analytically computed flow patterns with published numerical results and to give an illustration of relatively complex whirl patterns. However, both examples are rather simple cases, and they show only a fraction of the capabilities of the presented technique. The following conditions were not considered in the presented examples. Figure 9 . A layered confined aquifer with a laterally heterogeneous anisotropic central zone. [35] The theory presented in this paper shows a close relationship between spatially varying principal directions of the anisotropic hydraulic conductivity and the occurrence of groundwater whirls. As a rule, groundwater whirls always occur when the horizontal anisotropy differs between adjacent horizontal layers, except for a few special cases of a single strip. For example, consider the special case of a single-strip multilayer aquifer, where the heads on the left and right boundaries are the same as the head on top of the semiconfined strip. In this case,f L =f R =0, and because of (23) all normalized heads are zero,f(x) =0, which means (using (6)) that all vertical flow components are zero. Such a flow pattern without whirls is an exception to the rule. As a test we automatically generated over 100 aquifer models with randomly assigned heterogeneous anisotropic beds. Whirls were observed in all of them. It is well known from field observations that most aquifers are layered. Also, anisotropy of the hydraulic conductivity is common and often varies from layer to layer and also within layers. Therefore whirling flow must be a widespread, physical phenomenon, which raises the following questions: Why were whirls not reported in modeling studies by other authors? What types of aquifers will be the most likely to contain whirls? Why have the results of whirls never been observed in the field? How important are whirls for advective transport? A complete answer to these questions is beyond the scope of this paper; some remarks are given in the following regarding each of these four questions.
[36] When the principal directions of anisotropy vary spatially within the flow domain, they cannot all coincide with the coordinate directions. In such cases one or more of the off-diagonal components of the conductivity tensor are nonzero, which complicates the solution of the flow equations, especially in analytical models. Anisotropy is more easily implemented in finite element software, and such models sometimes allow for spatially varying anisotropic conductivities. A further favorable condition for observing whirls in models is the capability of recent modeling software for the three-dimensional visualization of particle paths. Spiraling streamlines and groundwater whirls were first observed in finite element models in 2001 [Hemker, 2001] , a clear example of serendipity. The possible existence of whirls was received with some initial disbelief by many colleagues. Since the mere presentation of results of numerical models is not necessarily convincing, more fundamental explanations for the presence of whirls were sought using various analytical approaches [Bakker and Hemker, 2002, 2004] . A comprehensive list of publications on groundwater whirls can be found on the Internet (http:// www.microfem.com/download/gwwhirl-papers/).
[37] When searching for the types of aquifers that are most likely to produce whirls, two of the most important aquifer characteristics are (1) relatively homogenous distribution of principal values of the hydraulic conductivity tensor, as large contrasts in conductivity may reduce the occurrence of whirls, and (2) parts of the aquifer should have sedimentary structures that cause horizontal anisotropy at the scale of the model cells, such as inclined strata and cross-bedding. Braided river deposits are a common type of sediment for such aquifers. There have been numerous studies on the sedimentary architecture of braided river deposits, and several of them also provide parameters for modeling groundwater flow [e.g., Heinz, 2001; Lunt et al., 2004] . In these studies several scales of heterogeneity are distinguished. The finest scale of interest (lithofacies-scale) records the grain size, particle orientation, sorting, texture, and stratification and represents the fundamental building blocks of sedimentological models. The lithofacies types affect hydraulic properties, such as the hydraulic conductivity tensor and porosity. The term ''hydrofacies'' was introduced for such relatively homogeneous, anisotropic three-dimensional aquifer elements [Poeter and Gaylord, 1990] . The fine-scale heterogeneous alternation of low-and high-permeable zones is substituted with an equivalent homogeneous, but anisotropic medium at the larger scale. However, fine-scale heterogeneity within sedimentary bodies is scarcely described and often ignored in hydrogeology. Therefore, as a rule, the resulting magnitude and variation of the anisotropy cannot be estimated. This was termed the ''missing scale'' by Tran [1996] .
[38] When horizontal anisotropy is ignored, it will be absent in conceptual and in site models. During the calibration process an optimal fit is sought by adjusting model parameters. The conceptual model is only adjusted when a good fit cannot be obtained. Since whirls have a minor influence on head distribution, only transport models are able to detect whirls from field data. However, many features of field experiments cannot be controlled. This makes it more difficult to identify heterogeneous anisotropy in the field. Whirls will not be as regular and smooth as in our analytical models, because there are no homogeneous block-shaped cells that run along the full length of the test site. A proper measurement scale is also hard to define since, even in a single whirl, the path length associated with a single streamline revolution varies widely (Figure 6 ). On the other hand, by considering (estimated values of the) heterogeneous horizontal anisotropy in our (site and experimental) models, we may at least obtain a feeling or rough estimate of its effects on the flow as well as on the spreading of contaminants.
[39] The practical implications of groundwater whirls are the significant effects they may have on the advective spreading of contaminants. As a result, a conservative tracer released over a small area may spread over a significant portion of the aquifer's length, height, and width. None of the existing transport codes takes this type of mixing into account. Little is known about the errors associated with this simplification. Insight into the magnitude of the error may be gained through the study of hypothetical cases.
[40] Note added in proof. After the reviews were complete, the authors found that it was the famous C. V. Theis who reportedly realized some 40 years ago that spiraling streamlines will occur in layered anisotropic or heterogeneous aquifers [White and Clebsch, 1994] . He proved the spiral form of flow with dye in a laboratory model built of glass beads. The result of one of these experiments is presented by Theis [1967] .
